Introduction
The Earth's mantle is compositionally heterogeneous and exhibits geochemical heterogeneity at a variety of length scales (e.g., Hart, 1988; Hofmann, 1997; Stracke, 2012; Stracke et al., 2005; White, 2015; Zindler & Hart, 1986) . Geochemically enriched (i.e., EM, or enriched mantle) and HIMU (high μ = 238 U/ 204 Pb) mantle domains, which are thought to result from convective recycling of continentally derived material and oceanic lithosphere, respectively, are globally distributed in the Earth's mantle (e.g., Hart, 1984; Homrighausen et al., 2018) at a variety of length scales: radiogenic isotopic heterogeneity is observed at the submeter scale in peridotites (e.g., Harvey et al., 2006; Liu et al., 2008; Warren, 2016; Warren & Shirey, 2012) , and at the longest length scales, including hemispheric (i.e., spherical harmonic degree-2) patterns of geochemical heterogeneity sampled by hot spots. For example, Hart (1984) observed that hot spots located within a globe-encircling belt in the Southern Hemisphere tend to exhibit signatures of geochemical enrichment. Referred to as the DUPAL (Dupré & Allègre, 1983) anomaly-the most geographically extensive terrestrial isotopic domain observed- Hart (1984) showed that hot spots exhibiting extreme geochemical enrichment cluster in the South Atlantic, the Indian, and the South Pacific Ocean basins. Hart (1988) included both EM and HIMU compositions in defining the geographic distribution of DUPAL and showed that the geographic distribution of the DUPAL anomaly is generally shifted to the Southern Hemisphere. However, the origin of the DUPAL geochemical domain, and how it is preferentially sampled by hot spots in the Southern Hemisphere, remains poorly understood.
An important advance in the understanding of the DUPAL anomaly emerged from the work of Castillo (1988) , who showed that geochemically enriched hot spots located within the DUPAL anomaly tend to overlie two large, deep, near-antipodal mantle structures characterized by anomalously low seismic velocity anomalies, now called large low shear wave velocity provinces (LLSVPs). One model for the geographic relationship between seismic anomalies at depth and geochemical enrichment in hot spots situated above the LLSVPs is that the geochemically enriched domains sampled by hot spots originate in the LLSVPs. In this model, upwelling mantle plumes-which are inferred to emerge from the deep mantle (e.g., Boschi et al., 2007; French & Romanowicz, 2015; Montelli et al., 2006; Weis et al., 2011 )-entrain geochemically enriched material from the LLSVPs and transport this material to the shallow region of mantle melting beneath hot spot volcanoes. This model helps to explain why some plume-sourced hot spots that overlie the LLSVPs erupt lavas with geochemically enriched (EM) signatures, while hot spots that do not overlie the LLSVPs fail to exhibit these signatures.
It has been three decades since Castillo's (1988) work relating geophysical observations of the seismic structure of the mantle with the geochemistry of mantle-derived lavas at the surface. However, the geochemical structure of the Earth's interior remains uncertain. This is because the geochemical compositions of plume-fed hot spot lavas do not provide constraints on the depth of mantle reservoirs sampled by the lavas. Similarly, seismic models provide constraints on the structure of the Earth's interior but they cannot resolve isotopic heterogeneities.
The two LLSVPs cover just~25% of the core-mantle boundary, yet most hot spots overlie the LLSVPs, an observation that suggests a possible connection between hot spots and LLSVPs (e.g., Hager et al., 1985; Ritsema et al., 2011; Thorne et al., 2004; Torsvik et al., 2006; Williams et al., 1998) . If hot spots are fed by mantle plumes that upwell from the core-mantle boundary and entrain material from the LLSVPs (e.g., Hernlund & McNamara, 2015) , then the radiogenic isotopic geochemistry of oceanic hot spots provides an opportunity to investigate the composition of the LLSVPs. Establishing geographic relationships between the geochemistry of hot spots and their position with respect to the LLSVPs is important to evaluate models arguing that plume fed hot spots sample material conveyed from the LLSVPs, and would permit inferences to be made about the composition of seismically observed structures in the deep Earth and provide information about the thermochemical evolution of the mantle (e.g., Castillo, 1988; Konter & Becker, 2012) . Furthermore, observations about the global distribution of geochemical domains sampled by oceanic hot spots are of fundamental importance in chemical geodynamics and provide a primary constraint for geodynamic models that attempt to describe the evolution of the Earth's interior.
In this study, we take advantage of recent, higher-resolution seismic models and greatly expanded geochemical data sets to test the hypothesis that geochemical enrichment observed in oceanic hot spot lavas relates to a hot spot's geographic relationship to the LLSVPs. Here we build on the established relationship between extreme EM and HIMU compositions and seismically detectable plumes . We compare Jackson et al.'s (2018) compiled geochemical database of the highest 206 Pb/ 204 Pb and lowest (i.e., most geochemically enriched) 143 Nd/ 144 Nd lavas from 42 oceanic hot spots with new seismic shear wave velocity models of the base of the mantle (see Tables 1 and S1 and S2 in the supporting information). Castillo (1988) King and Adam (2014) provide one of the most comprehensive, recent compilations of global hot spots, which includes 54 hot spots total. We rely on the King and Adam (2014) compilation and add one a The hot spot number is used to identify hot spots in Figure 1 . b All hot spots and locations are after King and Adam (2014) , except for the Manus Basin hot spot, which is added to the hot spot catalogue here. c Distances are provided between each hot spot (using the latitude and longitude provided in the table) and the margin of the nearest LLSVP, where the margins of the LLSVPs are defined for the SMEAN2 seismic model (0.75 RMS velocity contour), as discussed in the text. Negative distances are recorded for hot spots that lie within the margins of the LLSVPs, and positive distances are recorded for hot spots that lie outside of the margins of the LLSVPs.
d The LLSVP designation of a hot spot is determined using the SMEAN2 seismic model: Hot spots that have negative distances from the margins of the Atlantic or Pacific LLSVPs (i.e., lie within the margins of the LLSVPs) are referred to as Atlantic or Pacific in the table; hot spots that have positive distances from the margins of the Atlantic or Pacific LLSVPs (i.e., lie outside the margins of the LLSVPs) are referred to as near Atlantic or near Pacific LLSVPs in the table; the four hot spots located farthest outside of the margins of the LLSVPs are called far from LLSVP hot spots. These criteria can also be used to establish the relationship of a hot spot with the large low shear wave velocity provinces (LLSVPs; i.e., Atlantic, Pacific, near-Atlantic, near Pacific, or far from LLSVP) using distances provided in the table for the Lekic et al. (2012) model (see supporting information Tables S1 and S2).
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Geochemistry, Geophysics, Geosystems additional hot spot-the Manus Basin hot spot-which erupts moderately high 3 He/ 4 He lavas (Macpherson et al., 1998) and is found to be associated with a plume conduit (the "Indonesia" plume in French & Romanowicz, 2015) . Of these 55 hot spots, only 9 hot spots are continental: Australia East, Darfur, Eifel, Hoggar, Raton-Jemez, Tibesti, Yellowstone, Afar, and East Africa. Those continental hot spots are not considered here, owing to (1) the potential for continental crust overprinting of the mantle-derived radiogenic isotopic signatures in these lavas and (2) the potential for continental lithosphere to inherit and preserve EM and HIMU signatures (e.g., from ancient plumes) that may be incorporated into more recent continental volcanism. Excluding continental hot spots does not significantly impact the hot spot database or the conclusions of this study, as only~16% of the hot spots in the database are continental. After excluding the nine continental hot spots, we are left with 46 oceanic hot spots, 4 of which lack complete geochemical data sets: Vema, Bermuda, Tasmantid-Tasman Central, and Lord Howe-Tasman East. Thus, 42 geochemically characterized oceanic hot spots with available Sr, Nd, and Pb isotopic data remain for analysis in this study. The geochemical database for 42 oceanic hot spots explored is provided in Jackson et al. (2018; see Table 1 for list of hot spots), and the locations of the hot spots are shown in Figure 1 (see supporting information Tables S1 and S2) . Jackson et al. (2018) 204 Pb composition of the common (FOZO-C) component to be as high as 20.5. However, in a more recent study, Konter et al. (2008) quantified the radiogenic isotopic composition of the common component in OIBs by determining the best fit volume that encompasses the intersection of global OIB arrays in Sr-Nd-Pb multi-isotopic space, and they determined that the "center" (i.e., FOZO-C) There exists a geochemical continuum between the EM1 and EM2 mantle endmember compositions in Sr, Nd, and Pb isotopic space (Stracke et al., 2005) , and we do not attempt to distinguish between the EM1 and EM2 endmember compositions here. Instead we seek to identify the lavas with the lowest (most geochemically enriched) 143 Nd/ 144 Nd from each hot spot, and this selection is made irrespective of its EM1 or EM2 designation Table 1 ). The color of the circle indicates the minimum distance of a hot spot from the nearest large low shear wave velocity province (LLSVP) margin using the SMEAN2 composite tomography model. The 75% of RMS velocity contour for SMEAN2 at 2,875-km depth is shown as a pink line and defines the LLSVP margin for this study. The LLSVP "stack" from Lekic et al. (2012) is shown for reference, where higher "hit counts" for LLSVP detection (for the five seismic models used in the stack) are shown with brighter colors. (bottom panel) The histogram shows the distribution of hot spot distances from the LLSVP margins defined using SMEAN2: Negative distances indicate that hot spots are located inside of the margins of the LLSVPs (and such hot spots are referred to as "LLSVP hot spots"), while positive distances indicate that hot spots are located outside of, but near, the margins of the LLSVPs (and such hot spots are referred to as "near LLSVP hot spots"). However, the four hot spots located farthest from the LLSVP margins-Bowie-Pratt Welker, cobb-axial-Juan de Fuca, Balleny, and Baja-Guadalupe-do not cluster together with the rest of the hot spots in the histogram and are referred to as "far from LLSVP" hot spots.
We note that future work could examine different threshold 143 (Castillo, 1988) , or a trace element ratio, could be used to classify OIB as geochemically "enriched" or "depleted", but the former is more susceptible to seawater alteration than 143 Nd/ 144 Nd and the latter is sensitive to melting and crystal fractionation processes. Additionally, we limit our study to isotopic compositions measured in basalts: if an EM or HIMU component has been hypothesized to exist in the mantle source of a particular hot spot but has not actually been observed in basalts from the hot spot locality (because, e.g., the hypothetical component has been diluted by less geochemically extreme melts), then the hot spot is not classified as geochemically EM or HIMU. For example, an enriched component has been suggested to exist in the mantle source of the Iceland hot spot (e.g., Hanan & Schilling, 1997; Kokfelt et al., 2006) 
Hot Spot Association With Seismically Constrained Atlantic or Pacific LLSVPs
In order to compare oceanic hot spot compositions with seismically defined structures, presumably connected by plumes, it is preferable to consider more than one tomographic model, given the range of inversion choices, uneven data coverage, and different methodological approaches. Instead, such a comparison can be more robustly accomplished using a definition of the LLSVPs from mean, composite models, or by considering a "vote map" across several models. We explore both approaches.
We seek to evaluate whether each of the 42 oceanic hot spots is geographically associated with (i.e., within the margins or outside of but near the margins) the Atlantic or Pacific LLSVPs. It is then necessary to evaluate the boundaries of the LLSVPs, and for this purpose we, first, use the SMEAN2 seismic shear wave tomography model as described in Jackson et al. (2017) . SMEAN2 was constructed using the same methods as the composite SMEAN model (Becker & Boschi, 2002) with the goal of identifying common mantle structure across several different seismic shear wave velocity models (Qin et al., 2009) . As discussed in Jackson et al. (2017) , SMEAN2 combines S40RTS (Ritsema et al., 2011) , GyPSum-S (Simmons et al., 2010) , and SAVANI (Auer et al., 2014) . The SMEAN2 model can be found at http://www-udc.ig.utexas.edu/external/becker/ tdata.html.
We choose the 75% of root mean square (RMS) velocity contour at the deepest model depth, 2,875 km, in SMEAN2 to define margins of the LLSVPs, which corresponds to a À0.8% δV S velocity anomaly at this depth (see Figure 1 ). Using this definition, 25% of the surface area of the core-mantle boundary is covered by LLSVPs. When projected radially to the surface, 20% of the area encompassed by the margins of the LLSVPs is under the continents and 80% is under the oceans (using the land-sea boundary in Generic Mapping Tools). Only 29% of the ocean is underlain by LLSVPs when they are radially projected to the surface, while just 18% of the continents are underlain by LLSVPs.
Other methods for defining the outline of the LLSVPs exist. For example, Torsvik et al. (2006) use the À1% δV S velocity anomaly of SMEAN at the core-mantle boundary to define the boundaries of the LLSVPs. Any such contour value is somewhat arbitrary, and its interpretation (e.g., in terms of temperature or composition) is influenced by the resolution and damping choices of tomographic imaging.
For comparison, we therefore also consider the LLSVP "hitcount" stack from Lekic et al. (2012;  Figure 1 ). Lekic et al. (2012) consider five tomography models to evaluate the presence of an LLSVP, and at each location there is a count as to how many models indicate the presence of an LLSVP. The 75% of RMS velocity contour for SMEAN2 generally shows good agreement with the 3 hit count in the Lekic et al. (2012) stack (where the choice of "3" in the Lekic stack represents a "three-fifths majority vote"; Figure 1 ). Tables S1 and S2 . The background shows velocity contours for the SMEAN2 composite tomography model at 2,875-km depth, and the 75% of RMS velocity contour, which is δV s = À0.8% (i.e., the working definition of the large low shear wave velocity province margin in this study), is shown as a light blue line HIMU = high μ = 238 U/ 204 Pb.
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Geochemistry, Geophysics, Geosystems Figure 1 shows the locations of the 42 oceanic hot spots together with a histogram of hot spot distances from the SMEAN2-defined LLSVP boundary (Table 1) : negative distances indicate that hot spots are located inside the LLSVPs (positive distances are outside). While 38 of the 42 oceanic hot spots cluster near the margins of the LLSVPs, 4 of the 42 hot spots-Balleny (located 2,765 km from the LLSVP margin), Baja-Guadalupe (2,885 km), Cobb-Axial-Juan de Fuca (3,599 km), and Bowie-Pratt Welker (3,651 km)-plot away from the cluster of LLSVP and near-LLSVP hot spots on the histogram. These four outlying hot spots are referred to hereafter as being located "far from the LLSVPs" (see Table 1 ).
The 38 oceanic hot spots that cluster near the margins of the LLSVPs (see histogram in Figure 1 ) defined for SMEAN2 are described as being geographically associated with the LLSVPs: 20 of these hot spots are located within the margins of the LLSVPs (and are called "LLSVP hot spots" hereafter), and 18 are located outside of the LLSVPs but near the LLSVP margins (and are referred to as near-LLSVP hot spots). In the SMEAN2 model, 22 of the hot spots are geographically associated with the Atlantic LLSVP margin and 16 are associated with the Pacific LLSVP.
We also compute hot spot distances from LLSVP margins from Lekic et al. (2012) , for which we define the distance between a hot spot and the margins of the LLSVPs as the minimum distance to a contour traced by at least a hit count of three. Hot spot distances from the margins of the LLSVPs calculated using the Lekic et al. (2012) stack are quantitatively different from the SMEAN2 approach (see supporting information Tables S1 and S2 ). Nonetheless, a hot spot's geographic association with a particular LLSVP, Atlantic or Pacific, is maintained irrespective of the approach, but we note that five near-LLSVP hot spots in the SMEAN2 model 
Geochemistry, Geophysics, Geosystems are located within the LLSVP margins of the Lekic et al. (2012) stack (e.g., Discovery, Great Meteor-New England, Marion-Prince Edward, Martin Vas-Trindade, and Tristan-Gough), and two LLSVP hot spots in the SMEAN2 model are near-LLSVP hot spots in the Lekic et al. (2012) model (e.g., Easter and Iceland). The classification of Baja-Guadalupe, Balleny, Bowie-Pratt-Welker, and Cobb-Axial-Juan de Fuca as "far from the LLSVPs" is consistent for both LLSVP definitions.
If hot spots are sourced by plumes that originate in the deep mantle, it can be argued that the hot spots overlying the LLSVPs are sourced by these deep mantle structures. However, it is uncertain whether hot spots that are located outside of, but near, the LLSVP margins are linked with the LLSVPs. Owing to uncertainties in the precise locations of the LLSVP boundaries (see Figure 1 and supporting information Tables S1 and S2), some hot spots located outside of the LLSVP margins defined in a particular seismic model may be fed by plumes that actually originate within the LLSVPs. Moreover, the geochemical reservoirs of relevance may be associated with compositional rather than thermally or seismically defined deep mantle anomalies, and those are expected to be only a fraction of the LLSVP (e.g., Hernlund & McNamara, 2015) .
There are, of course, other uncertainties in relating surface hot spot locations with deep mantle plume sources, such as plume conduit deflection in the mantle and relative motion of the near-surface plume with respect to the current hot spot location (Boschi et al., 2007; Konrad et al., 2018; Steinberger & Antretter, 2006) . Konter and Becker (2012) used advected plumes to compare Sr, Nd, and Pb isotopic compositions in hot spot lavas with seismic velocity anomalies at depth. However, due to the uncertainties associated with plume advection, we do not take this approach, and we do not explore any detailed relationships such as whether hot spots are sourced over the interior or the margins of the LLSVPs here (see, e.g., Austermann et al., 2014; Burke et al., 2008; Thorne et al., 2004) . Instead, we use the overall hot spot and LLSVP locations to define whether or not an oceanic hot spot is generally associated with the LLSVPs.
Oceanic Hotspot Association With Plumes
While 31 of the 42 (or 74%) of the oceanic hot spots considered here (including LLSVP, near-LLSVP, and far from LLSVP hot spots) are associated with a plume in at least one of the three plume catalogues considered by Jackson et al. (2018;  see supporting information Tables S1 and S2 ), plumes are not detected under 11 of the oceanic hot spots in any of the catalogues. The nondetection of a plume could mean that no plume exists beneath a hot spot. However, it could also mean that the plume conduit is too narrow (e.g., thermal plumes are thought to be narrower than thermochemical plumes; Kumagai et al., 2008) to be identified with existing seismic methods or that seismic coverage in the region is insufficient to resolve a plume. While existing plume catalogues do not allow us to demonstrate that every hot spot is fed by a plume that sources the deep mantle, the plume catalogues do provide support for the notion that most of the hot spots examined in this study are sourced by the deep mantle.
Below, we evaluate whether (1) the near-LLSVP hot spots have geochemical signatures that are similar to, or distinct from, the LLSVP hot spots and (2) whether the oceanic hot spots that are located far from the LLSVPs have different geochemical signatures than the LLSVP and near-LLSVP hot spots. To evaluate these questions, the Atlantic and Pacific LLSVP hot spots (red and blue circles, respectively) are shown with different symbols than the near-LLSVP hot spots (red and blue squares, respectively) in the figures (see, e.g., Figures 3-7) . The hot spots located far from the LLSVPs are shown as black squares.
Observations
The lowest 143 Nd/ 144 Nd ( Figure 4) Figure 6 shows the minimum 143 Nd/ 144 Nd for each of the 42 oceanic hot spots as a function of the longitude of the current location of each hot spot (see Table 1 ). This figure facilitates comparison of the range of the most geochemically enriched compositions sampled by oceanic hot spots from the two LLSVPs. A first-order observation is that there is no relationship between longitude and the most geochemically enriched lavas from global oceanic hot spots. Hart (1984) . All values are shown in supporting information Table S1 . The SMEAN2 composite tomography model is used to define the large low shear wave velocity province (LLSVP) margins, as discussed in the text, and is used to define hot spots as LLSVP hot spots, near-LLSV hot spots, or far from LLSVP hot spots. Hot spots geographically associated with the Atlantic (red symbols) and Pacific (blue symbols) LLSVPs exhibit considerable compositional overlap, and it is not clear that the two LLSVPs exhibit resolvable differences in their enriched mantle compositions.
. EM Components as a Function of Longitude
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Geochemistry, Geophysics, Geosystems oceanic hot spots located far from the LLSVPs-Balleny, Cobb-Axial-Juan de Fuca, Bowie-Pratt Welker, and Baja-Guadalupe-exhibit only non-EM compositions, and there is no evidence that enriched mantle domains are sampled by hot spots farthest from the LLSVP margins. Another key observation is that while all 13 of the oceanic hot spots with geochemically enriched 143 Hart (1984) . All values are shown in supporting information Table S2 . The SMEAN2 composite tomography model is used to define the large low shear wave velocity province (LLSVP) margins, as discussed in the text, and is used to define hot spots as LLSVP hot spots, near-LLSV hot spots, or far from LLSVP hot spots. Hot spots geographically associated with the Atlantic (red symbols) and Pacific (blue symbols) LLSVPs exhibit considerable compositional overlap.
Geochemistry, Geophysics, Geosystems 0.512333, respectively; Figure 3) . Lastly, the Atlantic LLSVP hot spot with the least enriched minimum 143 Nd / less common with increasing distance outside of the LLSVP margins, and only non-EM (geochemically depleted) hot spots are found at the greatest distances outside of the LLSVP margins. Manus Basin and Ascension hot spots have the least enriched components among the oceanic hot spots, which may owe to these hot spots being centered on a back arc spreading center and a mid-ocean ridge, respectively; these two hot spots are shown separately in some panels because their compositions may reflect a contribution from the depleted upper mantle. Supporting information Figure S1 shows the panels of this figure but uses the Lekic et al. (2012) seismic model to define the LLSVP margins for purposes of hot spot classification. 
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Distribution of Extreme EM and HIMU Components at Oceanic Hotspots as a Function of Latitude 3.2.1. Distribution of the Most Extreme EM Lavas at Oceanic Hotspots as a Function of Latitude
In Figure 6 , the minimum 143 Nd/ 144 Nd ratios identified at each of the 42 oceanic hot spots are plotted as a function of the latitude of the current hot spot location. We find that all 13 oceanic hot spots that sample geochemically enriched Nd-isotopic mantle domains (i.e., 143 and Meteor-Shona-are found exclusively in the Southern Hemisphere (south of 14°S; Figure 6 ). The observation of extreme geochemical enrichment in Southern Hemisphere oceanic hot spots, but not in northern hemisphere oceanic hot spots, confirms earlier observations of the geochemically enriched DUPAL anomaly in the Southern Hemisphere (Hart, 1984 (Hart, , 1988 
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Earth's surface is 0.039%. In this sense, the clustering of EM hot spots in a narrow range of latitudes, and the clustering of the extreme EM hot spots within an even narrower range of latitudes, is highly significant. Instead, HIMU oceanic hot spots are found within a globe-encircling belt that is located near the Northern and Southern Hemisphere tropical latitudes ( Figure 7) . We refer to the higher concentration of HIMU oceanic hot spots near the tropical latitudes as the "HIMU belt". Here we define the HIMU belt geographically as the range of latitudes where oceanic hot spots with 206 Pb/ 204 Nd ≥ 20 are found (i.e., from 38°N (Azores) to
29°S (Macdonald)).
We assume that the distribution of HIMU hot spots on the Earth's surface is random in order to calculate the probability that all 13 HIMU hot spots are located between 38°N and 29°S. Because this range of latitudes encompasses just 55% of the Earth's surface, the probability of this occurring is 0.042%, which indicates that the clustering of the 13 HIMU hot spots between a narrow range of latitudes is highly significant. We also use existing hot spot locations of the 42 hot spots to calculate the probability that HIMU compositions are found only between 38°N and 29°S. In this simulation, we assume that the distribution of HIMU compositions at hot spots (but not hot spot locations) is random. We find that the probability of having all the HIMU-flavored hot spots between 38°N and 29°S is still only 0.1%, which again points to the significance of the clustering of HIMU hot spots near the tropics.
Oceanic hot spots that exhibit only unradiogenic Pb are found at all latitudes, including the HIMU belt near the tropical latitudes, where the non-HIMU hot spots ( 206 Pb/ 204 Pb < 20) are interspersed with hot spots that have HIMU signatures. In fact, 14 oceanic hot spots with non-HIMU signatures are found in the HIMU belt between 38°N and 29°S (i.e., the range of latitudes where all 13 HIMU hot spots are found), and 15 non-HIMU oceanic hot spots are found outside of this range of latitudes.
Distribution of Extreme EM and HIMU Components in Oceanic Hotspots as a Function of Distance From the LLSVP Margins 3.3.1. Distribution of the Most Extreme EM Lavas in Oceanic Hotspots as a Function of Distance From the LLSVPs
The minimum 143 Nd/ 144 Nd at each oceanic hot spot is shown as a function of distance from the nearest LLSVP in Figure 6 , and this figure helps to evaluate whether geochemical enrichment at oceanic hot spots varies as a function of distance from the LLSVPs. Oceanic hot spots that lie within the LLSVP boundaries exhibit a wide range of minimum 143 Nd ratios with increasing distance from the LLSVP margins (as highlighted by the arrows in Figure 6 ). The four oceanic hot spots located farthest from the LLSVPs-Balleny, Baja-Guadalupe, Cobb-Axial-Juan de Fuca, and Bowie-Pratt Welker-sample only non-EM Nd-Ascension and Manus-are removed from consideration (owing to a possible contribution from the geochemically depleted upper mantle), the difference between LLSVP-associated oceanic hot spots and oceanic hot spots located far from the LLSVPs is made clearer: three of the four non-LLSVP (i.e., far from LLSVP) hot spots have higher 143 Nd/ 144 Nd than the LLSVP and near-LLSVP hot spots. In summary, while oceanic hot spots located inside the LLSVPs host both geochemically enriched (EM) and depleted (non-EM) Nd-isotopic compositions, the appearance of the most EM (lowest 143 Nd/ 144 Nd) oceanic hot spots is less common with increasing distance outside of the LLSVP margins, and only non-EM oceanic hot spots are found far from the LLSVP margins. These observations hold for the LLSVPs defined in the SMEAN2 and Lekic et al. (2012) (Figure 7) . Indeed, the presence of a HIMU signature at Baja-Guadalupe, located 2,885 km from the LLSVP boundary in the SMEAN2 model, suggests that strong HIMU signatures are not limited to oceanic hot spots within or near the LLSVP boundaries in the same way that EM signatures at oceanic hot spots are. These observations hold for both of the seismic models examined here (Figures 7 and S2 in the supporting information).
Discussion
Similar Range of Compositions in Atlantic and Pacific LLSVP Oceanic Hotspots: Evidence for a Similar History of Formation and Evolution
Comparison of the radiogenic isotopic compositions of the oceanic hot spot lavas erupted above the two LLSVPs can provide clues about whether the two provinces share similar, or different, histories of formation and geochemical evolution. One question is whether observed seismic differences between the two LLSVPs is indicative of significant differences in their compositional makeup. Seismological and geodynamic studies have suggested different morphologies for the two LLSVPs: while the Pacific LLSVP has an oval shape and the long axis extends in an east-west direction, the Atlantic LLSVP is elongated in a north-south direction and has a "peninsula" in the southernmost portion that extends to the east under the Indian ocean (e.g., Garnero et al., 2016; Masters et al., 2000; McNamara & Zhong, 2005) . Garnero et al. (2016) review growing evidence for seismic heterogeneity within the LLSVPs, including isolated structures within the Pacific LLSVP (He & Wen, 2012) , smaller-scale structures (1-10 km) within the LLSVPs that cause seismic scattering (Rost et al., 2015) , and ultralow velocity zones identified within both LLSVPs (e.g., McNamara et al., 2010; Yu & Garnero, 2018) . These observations have been interpreted to be consistent with substantial compositional and/or structural heterogeneity within the LLSVPs, and Garnero et al. (2016) suggested that "compositional difference [s] between the two LLVPs cannot be ruled out" (LLVP signifies large low velocity province, as P waves also show low velocity anomalies in the LLSVPs).
However, we find that oceanic hot spots above the two LLSVPs have similar ranges of extreme EM compositions (Figures 3-7) . It is not known whether the LLSVPs are primordial features (it is also suggested that primordial domains exist elsewhere in the mantle; Ballmer et al., 2017; Becker et al., 1999) or were formed by accumulation of subducted material over geologic time, or both (e.g., Brandenburg & van Keken, 2007; Coltice et al., 2011; Garnero et al., 2016; Hirose et al., 1999; Jellinek & Manga, 2004; Knittle & Jeanloz, 1989; Kramers & Hofmann, 2006; Labrosse et al., 2007; Lee et al., 2010; McNamara & Zhong, 2004; Mulyukova et al., 2015; Mundl et al., 2017; Mukhopadhyay, 2012; Tackley, 1998 Tackley, , 2000 Tackley, , 2002 . Nonetheless,
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Geochemistry, Geophysics, Geosystems the similarities in the range of extreme EM compositions in oceanic hot spots over the LLSVPs suggest that both have had broadly similar modes and histories of formation and evolution. If EM mantle compositions are formed by subduction of continentally derived materials (crust and sediment; e.g., Hofmann, 1997; Zindler & Hart, 1986) , then one possible explanation for the similar range of EM compositions at oceanic hot spots that are geographically associated with the two LLSVPs is that similar quantities of similarly processed (in subduction zones) lithologies of subducted materials were added to LLSVPs over a similar time period. If differentially (subduction zone) processed, heterogeneous sediments and crust (with different final parent-daughter ratios, e.g., Sm/Nd) were added to the two LLSVPs at different times, the extreme EM compositions in the two LLSVPs would evolve different radiogenic isotopic compositions, which is not observed.
Alternatively, the similarity in extreme EM compositions sampled by the two LLSVPs might result if these two provinces periodically merge and then pull part (e.g., Zhong et al., 2007) . If the LLSVPs merge, there exists the potential for "communication" via mass exchange between the provinces, which could help maintain a similar range of extreme EM compositions that are sampled by oceanic hot spots associated with the two LLSVPs. The similar range of geochemical extreme compositions provides a key constraint that suggests a similar origin and history of, or periodic mass exchange between, the LLSVPs.
While the HIMU hot spots that are geographically associated with the Pacific LLSVP exhibit a similar range of compositions as HIMU hot spots associated with the Atlantic-Indian LLSVP, the lack of a clear relationship between HIMU compositions at hot spots and their distances from the LLSVPs (e.g., Figure 7 and section 3.3.2) makes it difficult to argue that the HIMU domain is located within the LLSVPs. Therefore, we do not use the similar range of HIMU compositions at hot spots in the region of both LLSVPs to argue for a similar history and origin. Jackson et al. (2018) found that oceanic hot spots not sourced by plumes (which sample only the upper mantle) are less likely to host extreme EM and HIMU compositions than hot spots associated with seismically constrained mantle plumes (which originate in the deep mantle). This observation supports a model where the extreme EM and HIMU domains are located deeper in the mantle than the depleted upper mantle sampled by MORB and nonplume hot spots . Here we evaluate whether the geochemically extreme signatures sampled by oceanic hot spots are geographically associated with (i.e., lie above or near the margins of) the Atlantic and Pacific LLSVPs. Such an association, if observed, would support the hypothesis that geochemically extreme mantle domains are concentrated in the LLSVPs.
Geographic Relationships Between LLSVP Locations and EM and HIMU Components at Oceanic Hotspots
All EM Oceanic Hotspots Are Geographically Associated With the LLSVPs (But Most LLSVP Oceanic Hotspots Lack EM Signatures)
The geographic coincidence of EM oceanic hot spots and the LLSVPs, together with the observation that EM oceanic hot spots show an association with mantle plumes , supports a model where the LLSVPs host EM domains that are entrained by upwelling plumes that feed hot spots overlying the LLSVPs. The lack of enriched mantle material in oceanic hot spots farthest from the LLSVPs (Figure 6 ) suggests that enriched mantle material is not located in the mantle far from the margins of the LLSVPs.
There are five oceanic hot spots with EM 143 Nd/ 144 Nd compositions that are located relatively close to, but just outside of, the LLSVP margins of the SMEAN2 model: Tristan-Gough (minimum 143 Nd/ 144 Nd is 0.512203, and the hot spot is located 85 km from the LLSVP margin), Discovery (0.512231, 114 km), Meteor-Shona (0.512400, 494 km), Hawaii (0.512540, 331 km), and San Felix (0.512552, 1028 km). However, the positioning of these oceanic hot spots outside of the LLSVPs may be due to uncertainties in (1) the locations of the actual boundaries of the LLSVPs (resulting from the choice of a certain contour as boundary and uncertainties in the seismic models used to construct SMEAN2) or (2) the locations of the mantle plumes. Thus, plumes sourcing these five hot spots may actually be rooted in the LLSVPs.
While there is a strong geographic association between the presence of extreme EM signatures at oceanic hot spots and their location above (or near the margins of) the LLSVPs, there is a wrinkle in the relationship: not all oceanic hot spots that are geographically associated with the LLSVPs exhibit EM compositions. An
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Geochemistry, Geophysics, Geosystems important question is why some oceanic hot spots that are geographically associated with the LLSVPs exhibit EM signatures, but other hot spots that are associated with the LLSVPs do not.
The lack of EM signatures in some oceanic hot spots that overlie the LLSVPs is unlikely to relate to undersampling. For example, the Canary and Iceland hot spots, both of which overlie the Atlantic LLSVP, have been extensively sampled and have yielded no evidence of lavas with EM 143 Nd/ 144 Nd compositions.
One explanation for the lack of EM signatures in hot spots located over the LLSVPs is purely thermal plumes that rise from the thermal boundary layer at the top or near the margins of the LLSVPs would entrain little or no LLSVP material. However, this explanation is not consistent with the observation that many of the non-EM plumes-including Canary and Iceland-are interpreted to be thermochemical plumes due to the apparent width of their conduits in seismic studies (e.g., French & Romanowicz, 2015) and are therefore likely to have entrained chemically heterogeneous material from the base of the mantle. Lastly, ambient upper mantle material entrained in upwelling plumes is unlikely to contribute to melting (Farnetani & Richards, 1995) , so entrained ambient upper mantle is unlikely to contribute to these non-EM hot spots; instead, entrainment of ambient lower mantle material, at the base of the upwelling plume, is likely to dominate the material hosted in a plume (Ballmer et al., 2016 ). While we cannot rule out a shallow contribution to hot spot geochemistry due to uppermost mantle heterogeneities in the melting region of the plume, a range of observations are consistent with a deep origin (e.g., Castillo, 1988; Jackson et al., 2018) , and we consider that the geographic association of EM hot spots and LLSVPs is compelling and likely not coincidence.
Therefore, we favor an alternative explanation for the origin of non-EM hot spots that are geographically associated with the LLSVPs. If hot spots geographically associated with the LLSVPs-like the Canary and Iceland hot spots-are fed by upwelling plumes that draw material from the LLSVPs, then the lack of EM signatures at these two hot spots suggests that non-EM domains exist in the LLSVPs, and some hot spots only entrain these domains. This is not difficult to accomplish from a conceptual standpoint, as it has long been thought that geochemically depleted (non-EM) domains exist in the deep mantle, and we prefer a model where geochemically depleted domains reside in the lower mantle and are entrained by upwelling plumes sourcing hot spots (Zindler & Hart, 1986 by the LLSVPs, an important conclusion is that the LLSVPs are isotopically heterogeneous, a conclusion supported by recent geodynamic models (Ballmer et al., 2016; Li et al., 2014) .
HIMU Oceanic Hotspots Are Not Clearly Associated With LLSVPs
Unlike EM oceanic hot spots, which show a strong geographic association with the LLSVPs ( One reason for this is that one of the 13 HIMU oceanic hot spots-the Baja-Guadalupe hot spot-is located far from the LLSVPs in both seismic models considered here, which argues against the HIMU domain being strictly limited to the LLSVPs. As discussed in Jackson et al. (2018) , the Baja-Guadalupe hot spot is not associated with a seismically detectable plume in any of the plume catalogues (Boschi et al., 2007; French & Romanowicz, 2015) , which suggests that the HIMU domain sampled by Baja-Guadalupe is not necessarily limited to the lower mantle sampled by plumes but may reside in the upper mantle where it is sampled by nonplume hot spots like Baja-Guadalupe. However, we cannot exclude the possibility that a plume is located under Baja-Guadalupe that is undetectable with existing seismic techniques. If a mantle plume generated the volcanism at Baja-Guadalupe, then it can be argued that the HIMU signature sourcing this hot spot originated in the lower mantle. However, even if the HIMU signature in the Baja-Guadalupe hot spot was conveyed from the lower mantle, it is unlikely that the HIMU signature was sourced from the Pacific LLSVP owing to the large distance (2,885 km) from the LLSVP margin. Therefore, we cannot link the location of the Baja-Guadalupe HIMU domain in the mantle with the LLSVPs. Nonetheless, 12 of the 13 HIMU hot spots are geographically associated with the LLSVPs, so it is possible that a portion of the HIMU domain resides, at least in part, within the LLSVPs. 
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Azores, Arago-Rurutu, Easter, Greater Meteor-New England, and Comores-are located over or near the margins of the LLSVPs. Again, however, the lack of a clear relationship between the magnitude of HIMU signatures at hot spots and their distances from the LLSVP margins argues against a HIMU "home" in the LLSVPs.
Distribution and Origin of EM and HIMU Domains in the Earth's Mantle
Recent numerical models suggest that both depleted and recycled domains can be intimately associated within the LLSVPs (Ballmer et al., 2016; Li et al., 2014; Nakagawa & Tackley, 2014) . If hot spots overlying the LLSVPs are ultimately sourced by the LLSVPs, and if these reservoirs are proximally located within the LLSVPs, then it should not be surprising that both types of domains are sampled by lavas erupted at plume-fed hot spots (Williams et al., 2015) . An important question is how recycled and depleted domains are distributed in the mantle.
The EM and HIMU reservoirs show clear geographic patterns in their distribution. A model that accurately describes the geographic distribution of EM and HIMU domains in the deep mantle must be consistent with several observations made in this paper. of EM and HIMU signatures at oceanic hot spots to build a conceptual model for the distribution of EM and HIMU domains in the deep mantle (see Figure 8 ).
Distribution of EM and HIMU Domains
While the EM domain sampled by oceanic hot spots is shifted to the Southern Hemisphere, it is important to note that the enriched mantle signature of the EM geographic belt does not encompass the entire southern portions of the LLSVPs. This is because some Southern Hemisphere oceanic hot spots sample only non-EM compositions. One model consistent with this observation is that the southern portions of the LLSVPs contain EM plums (or "pockets") that are interspersed within a matrix of non-EM material that is sampled by Southern Hemisphere hot spots (Figure 8 ). In this way, some Southern Hemisphere plumes entrain plums of EM material, while other Southern Hemisphere plumes entrain only the non-EM LLSVP matrix, giving rise to both austral EM oceanic hot spots (i.e., hot spots that have at least one lava with 143 Nd/ 144 Nd ≤ 0.512630) and austral non-EM oceanic hot spots (i.e., hot spots that do not host any lavas with 143 Nd/ 144 Nd ≤ 0.512630). The paucity of EM oceanic hot spots in the Northern Hemisphere may owe to the EM plums being rarer in the Northern Hemisphere region of the LLSVPs (as illustrated in Figure 8 ), or to the EM plums exhibiting a geochemical gradient with latitude (such that EM plums exhibit less extreme signatures in the northerly latitudes compared to southern hemisphere EM plums, a model that is not shown in Figure 8 ). This way, stronger signatures of geochemical enrichment are transmitted via plumes to Southern Hemisphere oceanic hot spots that source the EM plums. However, we cannot exclude stratified compositional layering within the LLSVPs as a means of separating different deep mantle domains (e.g., EM vs non-EM) sourced by hot spots (Ballmer et al., 2016) , but the EM material in this model would need to exhibit a latitudinal stratification to be consistent with the higher concentration of extreme EM hot spots in the Southern Hemisphere.
A similar "plum-in-the-LLSVP-matrix" model cannot be used to describe the distribution of HIMU domains in the LLSVPs because HIMU hot spots do not show the same clear geographic association with the LLSVPs that is seen with EM hot spots. However, unlike EM oceanic hot spots (which are concentrated in the southern hemisphere), HIMU oceanic hot spots are found primarily near the tropical latitudes, but like EM oceanic hot spots, oceanic hot spots with HIMU signatures ( Geochemistry, Geophysics, Geosystems outside the LLSVPs-which enhances the likelihood of being sampled in the lower latitudes (as illustrated in Figure 8 ). Alternatively, the HIMU plums exhibit larger magnitude HIMU signatures near the tropics than any HIMU plums that might exist outside of the tropics (a model that is not shown in Figure 8 ). Because the HIMU domains are not geographically limited to the LLSVPs, as indicated by the presence of HIMU compositions at the Baja-Guadalupe hot spot located far from the LLSVP margins, plums of HIMU material are located both inside and outside of the LLSVPs and are concentrated near the tropical latitudes (Figure 8 ).
Existing geochemical evidence from oceanic hot spots does not support a model where the LLSVPs are primarily composed entirely of recycled EM or HIMU material, as this would be difficult to reconcile with the observations that (1) most hot spots geographically associated with the LLSVPs sample only non-EM or non-HIMU material and (2) (Hart, 1988) . These observations suggest that the bulk Hemisphere). The geographic distribution of EM hot spots defines the geographic "EM belt". In the figure we assume that geochemically extreme components exist as plums in the deep mantle. The highest abundance of plums of extreme EM material (red blobs in LLSVPs), responsible for generating EM signatures at hot spots, is distributed in the southern hemispheric portions of the LLSVPs. In contrast, the most extreme HIMU compositions ( 206 Pb/ 204 Pb ≥ 20) are observed within or near the tropical latitudes but are not necessarily associated with the LLSVPs. The geographic distribution of HIMU hot spots near the equator defines the HIMU geographic belt, and the highest abundance of plums of extreme HIMU material (blue blobs in figure) is distributed near the tropical latitudes of the Northern and Southern Hemispheres. The Baja-Guadalupe hot spot is an example of a HIMU hot spot located far from the LLSVP margins, indicating that the HIMU domains sampled by hot spots are not necessarily associated geographically with the LLSVPs. Therefore, in the figure, one HIMU pocket is located outside of the LLSVPs (and some HIMU pockets are displaced just outside of the LLSVPs) to indicate the lack of a clear association of the HIMU domain with the LLSVPs. The LLSVP matrix hosting EM and HIMU blobs is assumed to be PREMA in composition (i.e., non-EM and non-HIMU in composition). EM = enriched mantle; HIMU = high μ = 238 U/ 204 Pb; LLSVP = large low shear wave velocity province.
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Geochemistry, Geophysics, Geosystems of the LLSVPs (i.e., the LLSVP "matrix" between the EM and HIMU plums) sampled by oceanic hot spots is composed of a non-EM and non-HIMU composition (Figure 8 ). Zindler and Hart (1986) found that the median Nd-isotopic composition at oceanic hot spots (approximately 0.5129 to 0.5130) is non-EM and is geochemically less depleted than (and therefore distinct from) the median Nd-isotopic composition of MORB, and they referred to this componentin OIBs as PREMA (Prevalent Mantle). This non-EM (geochemically depleted) mantle domain also has low 206 Pb/ 204 Pb (non-HIMU) compositions, is ubiquitously identified in plume-fed hot spots, and may reside in the lower mantle (Zindler & Hart, 1986) . Given that most oceanic hot spots are situated over the LLSVPs (Figure 1 ), the abundance of geochemically depleted compositions at these hot spots may indicate that these are the dominant materials comprising the LLSVPs (i.e., the LLSVP matrix). A heterogeneous makeup of the LLSVPs is consistent with recent numerical models (Li et al., 2014; Williams et al., 2015) .
The inferences about the distribution of recycled compositions in the mantle are true only if (1) hot spots overlying the LLSVPs are indeed fed by LLSVPs via upwelling plumes, (2) the array of recycled compositions sampled in hot spot lavas are representative of the compositions of the LLSVPs, and, (3) the geochemical distributions observed in oceanic hot spot lavas are not biased by other processes. It remains to be determined how or whether other processes-including dilution of entrained LLSVP material by greater entrainment of ambient lower mantle (i.e., non-LLSVP) material at the base of the plume during upwelling (Ballmer et al., 2016) , preferential sampling of less dense deep mantle reservoirs relative to denser reservoirs , and preferential melting of less refractory domains in plumes beneath hot spots (e.g., Ito & Mahoney, 2005a , 2005b Ito & Mahoney, 2006) -complicate the approach of using the geochemistry of hot spot lavas to infer deep mantle compositions.
The last point is relevant because it is possible that basalts erupted at the surface are melts of a lithologically heterogeneous mantle, in which case the composition of erupted lavas may be controlled by the compositions and relative abundances of the different lithologies present in the mantle source. In this scenario, different lithologies yield heterogeneous melts that mix (Maclennan et al., 2003; Maclennan, 2008; Shorttle et al., 2014 Shorttle et al., , 2016 . As a result, basalt compositions may reflect aggregates of heterogeneous melts, and the true endmember compositions are not reflected in the final erupted basalts (Rudge et al., 2013; Stracke, 2012; Stracke & Bourdon, 2009 ). Nonetheless, the geographic association of EM hot spots with the LLSVPs suggests that spatial patterns in deep mantle sources, not shallow melting processes, play a dominant role in influencing the global distribution of EM compositions sampled at oceanic hot spots.
In future work, it will be important to consider whether plume strength varies depending on location with respect to the LLSVPs, and how this might influence entrainment of deep-seated domains. Due this uncertainty, we cannot exclude a model whereby EM domains are distributed ubiquitously in the lower mantle, but that plumes located outside of the LLSVPs are simply too weak (compared to plumes located inside the LLSVPs) to entrain deep EM domains. However, we do not find a relationship between hot spot buoyancy fluxes (from King & Adam, 2014) and the minimum 143 Nd/ 144 Nd at hot spots examined here, which argues against plume buoyancy controlling the magnitude of the EM signature observed at hot spots. A similar argument invoking "strong" versus weak plumes is unlikely to explain the preferential sampling of EM material in the southern portions of the LLSVPs relative to the northern regions. This is because the two plumes with among the highest hot spot buoyancy, Iceland and Hawaii (King & Adam, 2014) , are located at the northern margins of the Atlantic and Pacific LLSVPs, respectively, yet Hawaii exhibits only a modest EM signature (lowest 143 Nd/ 144 Nd = 0.512540) and Iceland exhibits no EM signature (lowest 143 Nd/ 144 Nd = 0.512893).
Spatial Decoupling of the Geographic Distribution of EM and HIMU Domains in the Mantle
The spatial distributions of the EM and HIMU domains in the mantle, as sampled by oceanic hot spots, appear to be quite different: EM hot spots are located primarily over the southern hemispheric portions of the LLSVPs, while HIMU hot spots are concentrated primarily near the tropics and do not show a clear geographic relationship with the LLSVPs. It is not yet clear why the EM and HIMU domains are spatially decoupled in the mantle, but this may relate to different densities and/or viscosities of the EM and HIMU components, which may influence how they segregate or accumulate within the LLSVPs.
Furthermore, EM and HIMU domains are thought to form by subduction of continental and oceanic crust into the mantle over time. However, such subduction processes might be expected to generate random patterns in the distribution of EM and HIMU domains in the mantle (Hart, 1984) . This makes the coherent pattern of the 10.1029/2018GC007552
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Southern Hemisphere EM hot spots over the LLSVPs, and nonrandom clustering of HIMU hot spots near the tropical latitudes, even more perplexing. Whatever the mechanism responsible for generating the austral EM and tropical HIMU belts, if it relates to subduction, it is likely to have operated over long geologic timescales. Not only does deep subduction of oceanic lithosphere contribute the raw ingredients for formation EM and HIMU reservoirs but also downgoing slabs may "push" lower mantle domains, thus guiding their locations (e.g., Zhang et al., 2010; Zhong et al., 2007) and the distributions of EM and HIMU domains in the deep Earth. If this is the case, subduction will ultimately determine the present-day composition and geographic distribution of the extreme EM and HIMU domains in the deep Earth. Chemical geodynamic models linking the geochemical evolution of the deep mantle (e.g., Brandenburg et al., 2008; Christensen & Hofmann, 1994; Nakagawa et al., 2010) with the input of downgoing slabs and their interaction with deep mantle reservoirs will provide key constraints on the origin of geographic patterns of EM and HIMU reservoirs in the mantle.
Subduction conveys heterogeneous material to the mantle over geologic time. If the EM domain is the result of subducted continentally derived crust, the strong geographic association of EM with the LLSVPs may suggest that these deep mantle domains are compositionally heterogeneous. An important task moving forward will be to deconvolve the chemical and thermal influences on the seismic properties of the LLSVPs.
Conclusions
We examine a geochemical compilation of extreme EM and HIMU compositions at 42 oceanic hot spots with published Sr, Nd, and Pb isotopic data on the same samples. The data provide new insights into the global distribution of EM and HIMU domains and their relationships with the LLSVPs.
and HIMU hot spots, exhibit neither EM nor HIMU compositions. The median Nd-isotopic composition at oceanic hot spots is non-EM (geochemically depleted) and non-HIMU (low 206 Pb/ 204 Pb; Zindler & Hart, 1986 ). This ubiquitous, geochemically depleted component in oceanic hot spot lavas, called PREMA, may reflect the dominant composition of the LLSVPs (i.e., the LLSVP matrix), and we infer that plums of EM domains are distributed within a geochemically depleted LLSVP matrix. In this model, EM plums are concentrated in the Southern Hemisphere geographic "EM belt" of the LLSVPs. HIMU plums are concentrated in the tropical HIMU geographic belt but are not necessarily limited to the LLSVPs. 5. We find that neither Atlantic-LLSVP oceanic hot spots nor Pacific-LLSVP oceanic hot spots exhibit a greater tendency to sample extreme EM compositions, and the range of extreme EM compositions is remarkably similar across the two LLSVPs. This is consistent with the hypothesis that the two LLSVPs formed by similar processes and have broadly similar histories, or that they merged periodically and exchanged material. However, because the HIMU domain is not necessarily limited to the LLSVPs, we do not use the similar range of HIMU compositions in oceanic hot spots geographically associated with the two LLSVPs to make inferences about LLSVP composition and history.
